Use of hyperspectral spectroradiometers allows for information on different light bands to be captured, allowing for identification of plant health status. Apple scab is the most important disease in the production of apples. RIMpro is a web-based decision support system (DDS) for orchardists that has the capacity to improve optimal fungicide application for the control of apple scab and has the potential to reduce the number of applications and thereby reduce input expenses. The objective of this study was to complete a hyperspectral assessment of apple leaves in order to evaluate the spectral characteristics of trees sprayed according to forecasted infection events from the DDS. No significant differences in visual assessments or vegetation indices were observed between conventionally treated leaves and leaves treated according to the DSS. In the first year of this study two fungicide treatments were eliminated, in the second one fungicide treatment was eliminated. This finding is important because it provides evidence that plant health status is similar between conventionally sprayed trees and trees on a DSS-guided reduced spray program. In addition, the use of spectroradiometers for assessing the efficacy of different fungicide programs was demonstrated. Finally, potassium bicarbonate tankmixed with sulfur was confirmed to be an effective spray material for managing apple scab. By integrating the precise information provided by DSSs and the use of biorational pesticides, agricultural producers, service providers and educators are able to adapt climate change considerations and action-oriented decisions into pest management plans.
Introduction
Hyperspectral spectroradiometers can be used to capture more information on different light bands, allowing for identification of plant health status. The solarreflected optical spectrum spans a wavelength range from 400 to 3000 nm [1] . Of this range, the 400 to 2500 nm region is routinely measured using a variety of optical sensors varying from multispectral (for example, Landsat TM and OLI) to hyperspectral (for example, AVIRIS) [1] . The relationship between plant growth and spectral response in the visible and infrared wavelengths has been well established using the ratio of red and infrared reflectance, or other indices based on this ratio [2] [3] . Early research with color and color infrared aerial photos demonstrated that a number of crop infestations could be detected in the photographs including apple scab, wheat stem rust, corn leaf blight, and root rot in field beans [4] . Stress caused by the disease infestation results in reflectance changes in the vegetation, which can then be detected with remote sensing data [5] . Remote sensing refers to the use of sensor technologies to acquire information about an area-of-interest without making physical contact.
Vegetation reflectance properties are used to derive vegetation indices (VIs).
VIs are constructed from reflectance measurements in two or more wavelengths across the optical spectrum to analyze specific characteristics of vegetation, such as total leaf area, chlorophyll content and water content [6] [7] . For different properties and field conditions, some indices within a category provide results with higher validity than others. By comparing the results of different VIs in a category, and correlating these to field conditions measured on site, one can assess which indices in a particular category perform the best at modelling the variability in the scene [1] .
Apple scab, caused by the ascomycete Venturia inaequalis (Cooke) G. Winter (conidial stage: Spilocaea pomi), is a globally important disease in the production of apples as measured by economic loss, the cost and amount of fungicides necessary to control the disease, and the environmental impact of control measures [8] . Apple scab occurs wherever apples are grown and can be severely destructive in areas where spring weather is mild and conditions are wet. It is difficult to produce apples commercially without an effective fungicide program to control apple scab. V. inaequalis reproduces asexually during spring and summer and sexually during winter-spring. Sexual reproduction occurs between strains of opposite mating types that have infected the same leaf. The fungus overwinters in the leaves remaining on the ground on the orchard floor. The ascospores, which are the primary inoculum, mature during spring and are discharged during rain events [8] .
Timing of fungicide applications during the primary infection season is critical and decision support systems based on meteorological data can be used to apply fungicides timely for the prevention of apple scab [8] .
While understanding the weather variables that are important for inoculum production, growers in the Northeast are also contending with the consequences of climate change and variability in climate patterns. Recent trends in climate variability in the northeastern U.S. have revealed an increase of high intensity rainfall events experienced each year [12] . This development is likely to cause apple production to continue to rely on the prophylactic use of fungicides for the control of apple scab. One practice that conventional and organic growers alike can readily adapt into their integrated pest management (IPM) plan is the use of Decision Support Systems (DSSs).
The Mills system is a model usually presented as a table or figure for predicting three levels of infection by ascospores on the basis of temperature and the duration of leaf wetness, and the criterion that the time required for infection by conidia is about one-third shorter than that indicated in the table for infection by ascospores [13] . Numerous decision support systems are currently available for assessing V. inaequalis primary infection risks, with RIMpro being the scab model of interest in this study. RIMpro is a set of models for management of pests and diseases of fruit that was first developed by Marc Trapman in 1993 (RIMpro B.V., Zoelmond, NL). RIMpro's initial aim was to produce an apple scab infection simulation tool that would provide a better epidemiological approach than that offered by Mills system alone, that could run with any weather station and that would be easy for growers and orchard consultants to use [14] .
Presently, RIMpro contains disease simulation models for apple and pear scab (Figure 1 ), fire blight, powdery mildew, sooty blotch, apple canker, and Marssonina blotch, in addition to simulation models for apple insects and grape diseases. RIMpro models were developed in close collaboration with a project or expert group on the pest or disease in question and with the potential end-users of the DSS.
The number of fungicide treatments per year is timed by RIMpro; this timing depends on the climate in an individual year. In some years there is no reduction in the total number of fungicide treatments applied, but optimal timing of fungicide applications provides excellent control of apple scab. Despite the availability of various simulation models to aid the management of scab, the practice of using DSSs has not been widely adopted to date. Instead, many growers rely on a calendar-based spray program. Calendar-based spraying starts at silver-tip and continues at intervals based on the label of the products being applied or by the growth stage of the apple tree until primary scab season is completed, typically around petal-fall [15] . In low scab risk orchards some growers delay sprays as late as pink, the stage at which all blossom buds in the cluster are pink and, the stems are fully extended [15] . Following petal-fall, growers move to cover sprays for the rest of the season, keeping the trees protected until harvest. Historically, growers have relied on the Mills system in conjunction with calendar-based spray programs. Unfortunately, the prophylactic use of fungicides for the control of apple scab and a failure to rotate between classes of fungicides between applications has led to the development of V. inaequalis populations that are resistant to an increasing number of fungicides in major applegrowing areas [16] [17] . These fungicide-resistant populations demonstrate the unsustainability of calendar-based spray programs.
The overall objective of this study was to investigate if leaves treated according to the DSS were spectrally similar to leaves treated according to a calendar-based spray program, while being spectrally unique from untreated leaves. Specifically, the objective was to assess plant health status by identifying a suite of VIs that could be used to determine if leaves treated according to the DSS had similar spectral reflectance properties to conventionally treated leaves.
Materials and Methods

RIMpro Implementation
To run RIMpro, a Biofix (starting point) and local weather data are needed to initiate the calculations. Biofix is the date when the first ascospores in nature are observed to be mature and ready for discharge at the next rain event [6] . This 
Disease Assessment
Foliar scab severity, quantified as number of lesions per leaf, was assessed on Vegetation index means were calculated and Pairwise comparisons of leastsquare means was completed by using Tukey's honestly significant differences (HSD) test using the GLM procedure in SAS 9.4 (SAS Institute, Cary, NC). All significant differences were determined at the 0.05 level of significance.
Vegetation Index Evaluation
Vegetation indices evaluated include NDVI [19] , REIP [20] , NIR3/1 [21] , MSI [7] , Scab Index 1 [22] , Scab Index 2 [22] , Green Peak [23] , Red Edge [24] , and ZTM [25] . Vegetation indices based on water content, chlorophyll and stress were selected because apple scab infection affects these variables. Descriptions, computation and references for each index are provided in Table 1 . The spectral reflectance data compliments the visual scab ratings and provides finer scale quantitative data than visual assessments alone.
Results
RIMpro Effectiveness
The intensity of apple scab severity was similar among years with the overall lev- 
Fungicide Effects
Fungicide Applications
Throughout 
Vegetative Indices vs Apple Leaf Health
Evaluations of vegetation indices; NDVI, REIP, NIR3/1, MSI, Scab Index 1, Scab Index 2, Green Peak, Red Edge, and ZTM showed significant differences (p ≤ 0.05) in reflectance properties between fungicide treated apple leaves and untreated apple leaves except for Green Peak (Table 2 ).
Discussion
Following completion of this research we have confirmed that a practice that conventional and organic grower alike could readily adapt into their IPM plan is the use of RIMpro. Decision support systems such as RIMpro have been shown to provide effective apple scab control. The number of fungicide treatments per year is timed by RIMpro; this timing depends on the actual climate in an Results of the study confirm that excellent control of apple scab is possible as long as an effective spray program is in place and that RIMpro is a suitable DSS to be used to support the IPM decision making process. RIMpro was able to reduce the total number of spray applications made during the primary scab sea- In plants with turgid and healthy mesophyll cell walls and in dense canopies, more NIR energy will be reflected and less transmitted [29] . This cell wall/air space interaction within these cells causes healthy vegetation to look very bright in the NIR. In fact, much more NIR is reflected than in the visible, due to the strong absorption in the visible by chlorophylls and other plant pigments. By monitoring the amount of NIR and visible energy reflected from the plant, it is possible to determine the health of the plant [30] .
Vegetation indices (NDVI, REIP, NIR3/1, MSI, Scab Index 1, Scab Index 2, Red Edge and ZTM) generated from data collected using spectroradiometers
show that apple leaves that were treated with a fungicide during primary scab season were healthier than leaves left unsprayed. These vegetation indices compliment data collected in this study showing that untreated apple leaves had a greater number of lesions per leaf when compared to fungicide treated leaves.
Our study confirms the results of Delalieux et al. [22] where the group identi- (Table 2 ). These two indices were R440/R690 and R695/R760 and have been confirmed to excel at distinguishing healthy from scab-infected apple leaves (Table 2) . Additional indices that were found to be useful for distinguishing apple scab infected leaves from non-infected leaves include; NDVI, REIP, NIR3/1, MSI, Red Edge and ZTM ( Table 2 ). The only value or biophysical indicator evaluated that was found to be unable to distinguish healthy from infected apple leaves was the Green Peak (555 nm) which is the reflectance value for a single band at 555 nm ( Table 2 ).
The impact on high intensity rainfall events on the epidemiology of the apple scab pathogen warrants further investigation. It would be expected that high intensity rainfall events early in the primary scab season would shorten the dura- 
Conclusions
The results from this investigation confirmed the importance of having an effective spray program in place and the usefulness of DSSs such as RIMpro. DSSs help agricultural producers, service providers and educators by integrating climate change considerations and action-oriented decisions into pest management plans. The similarity in visual assessments and reflectance properties among the fungicide treated leaves show that leaves treated according to the DSS have similar spectral properties to those treated conventionally, while being spectrally unique from leaves left unsprayed. This finding is important because it provides evidence that plant health status is similar between conventionally sprayed trees and trees on a DSS-guided reduced spray program. Therefore, when a DSS recommends reducing the number of applications during primary scab season, a grower could do so, knowing that effective management of apple scab is possible.
In addition, the potassium bicarbonate + sulfur treatment (KBC + S) demonstrated the same level of control as Captan used alone or when tank-mixed with
Fontelis. This finding supports the results and conclusions of Holb and Kunz's 2016 study [31] . Their results indicated that potassium bicarbonate treatments significantly reduced apple scab during the primary infection period compared with untreated plots and concluded that potassium bicarbonate in combination 
